INTRODUCTION
Stroke has been known since antiquity yet the only notable treatment success has come from the NINDS trial in 1995 1 showing a therapeutic benefit from acute administration of recombinant tissue plasminogen activator (tPA). The restoration of blood flow through thrombolytic therapy during the first few hours from stroke onset has resulted in benefit for stroke patients because of the presence of hypoperfused, metabolically active penumbra tissue, the salvage of which is associated with a better outcome. 2 The time window for existence of penumbra varies among individuals and relates to factors including the status of collateral flow, patient age, coexistent metabolic abnormalities, blood pressure, and other confounding variables. With evidence for survival of penumbral tissue for up to 48 hours in some cases, 3 it is clear that the availability of a clinical imaging technique to accurately identify penumbra on an individual patient basis rather than using an arbitrary time limit (recently extended out to 4.5 hours from stroke onset 4 ), could result in increased and or safer use of tPA.
In current standard clinical practice, stroke patients have a CT scan to confirm ischemic stroke and exclude hemorrhage, with no further acute imaging to confirm the existence of penumbra. Thus, the decision on whether to thrombolyse is based principally on the clock and not on the status of the affected tissue in each patient. One consequence of this is very low treatment numbers for patients receiving tPA (o7%) in emergency departments despite a third of the patients arriving within 3 hours of stroke onset. 5, 6 Many patients are currently ineligible for thrombolysis with tPA because of unknown time of stroke onset (data from International Stroke Trial indicates wake-up stroke accounts for 29.6% of patients 7 ) or presentation beyond the current time window for treatment. In addition, treating patients with tPA within 4.5 hours from stroke who have no penumbra is subjecting these patients to the unnecessary risks of thrombolysis, especially symptomatic intracranial hemorrhage, which ranged from 6.4% in the NINDS trial 1 to 19.8% in the ECASS I trial, 8 and anaphylactoid reactions in 1.9%. 9 The death of tissue in ischemic stroke is ultimately due to the lack of aerobic metabolism, causing failure of cell energetics required to maintain cell structure and function. The gold standard technique for penumbra detection is positron emission tomography where the tissue is identified as a metabolically active region with reduced cerebral blood flow (CBF) and an increased oxygen extraction fraction. 10 However, this technique has not been adopted clinically because of high costs, radiation exposure, and lack of availability making it impractical. The ubiquitous nature of magnetic resonance imaging (MRI) combined with its high resolution and ability to provide structural, physiologic, and metabolic data without the need for ionizing radiation makes it an ideal alternative in acute stroke diagnosis. Much attention has focused on the potential of using the mismatch between the lesion on the diffusion-weighted image (DWI), identifying injured tissue with cell swelling, and a larger region of perfusion deficit on the perfusion image (PI) (PI/DWI mismatch). 11 This indirect technique has been used for assessment of penumbra and patient recruitment in clinical trials, but has not been adopted as standard clinical practice in assessing acute stroke patients. Issues still under discussion 12, 13 include threshold setting for defining the acute ischemic lesion on DWI and the perfusion deficit on PI, 14, 15 the optimum method for image analyses and interpretation, whether or not the perfusion deficit includes benign oligemia (not at risk) and if penumbral tissue extends into the DWI-defined lesion.
Perfusion image/diffusion-weighted image mismatch assumes that the DWI-defined lesion represents the irreversibly damaged ischemic core, but there is continuing debate about the validity of this assumption. Based on the criteria set out by the Oxford Centre for Evidence-Based Medicine, a systematic review 16 concluded that DWI hyperintensity as a surrogate marker of ischemic core was inconsistent and given a grade D (the lowest grade indicating a low level of evidence and inconsistency within the literature). Diffusion-weighted image-defined lesions can extend beyond the perfusion deficit (reanalysis of EPITHET data), 17 which is likely to signify restoration of flow to this tissue prior to the scan. Diffusionweighted image lesions both outside and within the perfusion deficit can resolve, particularly if treatment occurs within 4.5 hours 18 or 6 hours 15 from stroke onset. In both cases, DWI reversibility was associated with a favorable outcome strongly suggesting that penumbra extends into the acute DWI lesion. Highlighting the uncertainty surrounding PI/DWI mismatch, a recent reanalysis of EPITHET and DEFUSE clinical trial data concluded that clinically relevant diffusion lesion reversal is rare, and often transient, concluding that the acute diffusion lesion is generally a reliable signature of infarct core. 19 Therefore, PI/DWI mismatch continues to be the subject of methodological refinements in threshold setting and image processing to address limitations, and should therefore be applied cautiously when used to identify ischemic penumbra.
Our group have developed a new, more direct MRI technique where penumbra is identified as a region of increased T 2 * signal change during a transient oxygen challenge (OC). 20 Blood oxygen influences on T 2 * signal was originally demonstrated by Ogawa et al, using a hypoxic challenge, 21 and is based on the paramagnetic properties of deoxyhemoglobin. 22 Following stroke, oxygen supply is limited within the compromised but metabolically active penumbra tissue. This leads to an increased oxygen extraction fraction within the penumbra with an ensuing increase in the deoxy:oxyhemoglobin ratio. During OC, the increased oxygen delivered will convert deoxyhemoglobin to oxyhemoglobin resulting in an increase in T 2 * signal, which will be greater within the penumbra than in surrounding tissues. T 2 * oxygen challenge identifies a region within the perfusion deficit, which displays several features of penumbra: histologic evidence of normal neuronal morphology, ongoing glucose metabolism, and tissue recovery on prompt reperfusion. 20, 23, 24 The T 2 *OC technique was initially developed using 100% normobaric hyperoxia in a rat stroke model and has already shown translational potential for clinical stroke diagnostic imaging with no adverse effects encountered in acute stroke patients. 25 However, 100% inhaled oxygen through a mask is associated with susceptibility artefacts over the frontal lobes due to increased levels of paramagnetic gaseous oxygen in the paranasal sinuses. 25, 26 Reducing the percentage of inhaled oxygen to 50% or lower 26 should eliminate these artifacts. However, this will also reduce the amount of oxygen carried by the blood during OC with a resulting decrease in the size of T 2 * signal change, making it more difficult to distinguish penumbra from the surrounding tissue compartments. 27 In a recent review of oxygen imaging using MRI, 28 the T 2 *OC technique was highlighted for generating interesting results that merited further investigations but had limitations, particularly the low signal changes in humans and the alterations in local physiology. As hemoglobin saturation is 498% on leaving the lungs, the technique primarily depends on the ability of plasma to carry and deliver oxygen to the tissues during the OC. However, plasma is a poor carrier of oxygen (0.003 m L O 2 /100 ml of blood per mm Hg PO 2 ). 29 A potential solution to overcome these limitations would be the use of a more efficient oxygen carrier than plasma.
Perfluorocarbons (PFCs) are fluorinated hydrocarbons with respiratory gas carrying capacity superior to that of hemoglobin. 30 They are hydrophobic in nature and therefore are emulsified for intravenous use. Perfluorocarbon particle size within emulsions is very small (B0.2 mm compared to B7 mm for erythrocytes), enabling better infiltration through the microcirculation improving oxygen supply to poorly perfused tissue. These characteristics coupled with the release of oxygen by simple diffusion down a partial pressure gradient make PFCs an ideal agent for overcoming the current limitations of translating T 2 *OC to humans. Thus, the aim in this study was to establish whether intravenous PFC could enhance the sensitivity of the T 2 *OC technique for penumbra detection, and allow penumbra detection with a lower fraction of inspired oxygen (FiO 2 ).
MATERIALS AND METHODS

Model of Middle Cerebral Artery Occlusion
Experiments were performed under license from the UK Home Office, were subject to the Animals (Scientific Procedures) Act, 1986, and were approved by the University Ethical Review Panel. Experiments have been carried out and reported in accordance with the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines. Male Sprague-Dawley rats (338±32 g, n ¼ 17, Harlan, Bicester, UK) had free access to food and water and were maintained on a 12-hour light-dark cycle. Isoflurane (5%) in N 2 O:O 2 (70%:30%) was used for induction of anesthesia and, following tracheostomy, was lowered during further surgery (2.5% to 3%) and maintenance of animals throughout the protocol (2% to 2.5%). N 2 O:O 2 was replaced with medical air supplemented with B5% O 2 (26% O 2 : normoxia) prior to middle cerebral artery occlusion (MCAO). Animals were artificially ventilated and body temperature maintained at 371C. Femoral arteries were cannulated with polythene tubing (Portex, Smiths Medical, Hythe, UK: external diameter 0.96 mm; internal diameter 0.58 mm) for mean arterial blood pressure measurement and blood gas analysis to maintain physiologic stability. A femoral vein was cannulated for administration of the PFC emulsion. Mean arterial blood pressure and heart rate were continuously recorded (AcqKnowledge, Biopac Systems, Goleta, CA, USA). Middle cerebral artery occlusion was induced with an intraluminal filament. A 3.0 uncoated nylon filament with a heat-induced bulb at the tip (approximately 0.3 mm in diameter), was advanced along the left internal carotid artery for approximately 20 to 21 mm from the bifurcation of the external carotid artery until resistance was felt. Following, MCAO rats were transferred, under the same anesthetic, directly into the magnet bore, fully instrumented for monitoring and control of physiologic variables (blood pressure, temperature, and blood gases). Successful MCAO was confirmed from the initial DWI and PI MRI scans.
Magnetic Resonance Imaging Scanning
Magnetic resonance imaging was performed on a Bruker Biospec (Karlsruhe, Germany) 7T/30 cm system equipped with an inserted gradient coil (121 mm ID, 400 mT/m) and a 72 mm birdcage resonator. Following stroke surgery, the animals were placed in a rat cradle with head secured in position using ear and tooth bars to restrict movement. Brain imaging was acquired using an actively decoupled linear surface receiver coil (2 cm diameter) placed above the head.
Diffusion-weighted image was employed to identify acute ischemic damage: for quantitative determination of the apparent diffusion coefficient (ADC) a multishot spin-echo (echo planar imaging (EPI)) diffusion-weighted scan was used (TE: 22.5 milliseconds, TR: 4,000.3 milliseconds, 4 averages, matrix: 96 Â 96, FOV: 25 Â 25 mm, 3 directions: x, y, z, B values: 0, 1,000 seconds/mm 2 , 8 contiguous coronal slices of 1.5 mm thickness, 4-shot EPI).
Perfusion imaging was employed to identify the blood flow deficit: noninvasive, quantitative CBF measurements were carried out within the MCA territory using a form of pseudo-continuous arterial spin labeling based on a train of adiabatic inversion pulses. 31 The sequence employs a spin-echo EPI imaging module (TE: 20 milliseconds, TR: 7,000 milliseconds, matrix 96 Â 96, FOV 25 Â 25 mm, slice thickness 1.5 mm, 16 averages, 4 shots) preceded by 50 hyperbolic secant inversion pulses in a 3-second train. For quantification of CBF maps, a T 1 -weighted image was acquired, using an EPI inversion recovery sequence (imaging parameters as above, TR 10,000 milliseconds, using 16 inversion times).
The T 2 * sequence performed during OC was a single shot, gradient echo (EPI) sequence (TE: 20 milliseconds, TR: 10 seconds, matrix 96 Â 96, FOV 25 Â 25 mm, 8 contiguous slices, 1.5 mm thick, 2 averages, temporal resolution 20 seconds, 75 repetitions). Two coronal slices within middle cerebral artery territory were selected to generate T 2 * signal change maps, which were used to generate the mean signal change for each region of interest (ROI) across the two slices. Penumbra tissue was defined using a threshold based on the empirical rule: tissue displaying a mean increase in T 2 *, which was greater than two standard deviations above the contralateral cortex mean.
Perfluorocarbon Emulsion
The PFC used in this study was perfluorodecalin (C 10 F 18 ) (F2 Chemicals, Lea Town, UK), which is known to have an oxygen solubility of 49 mL/100 mL of aqueous PFC at standard temperature and pressure. The PFC was emulsified for intravenous use in a phosphate buffered solution containing (4% w/v) purified egg yolk lecithin (Lipoid 80 S Egg Lecithin, Ludwigshafen, Germany). The final emulsion for intravenous use was 40% w/v perfluorodecalin and was prepared by Professor Julian Eastoe, an expert in emulsion chemistry at the University of Bristol. The mean droplet diameter within our emulsion was analyzed using dynamic light scattering and was shown to be similar to that reported in the literature (B0.2 mm).
Experimental Protocol
Following transfer of the animal into the magnet bore, a period of stabilization (B20 minutes) was allowed during which arterial blood gases, blood pressure, ECG, and respiration were monitored to ensure hemodynamic stability and values were within the normal physiologic range. During the initial hour after MCAO, DWI and PI were carried out to confirm the presence of ischemic injury and CBF deficit. At a mean time of 92 minutes following MCAO, animals were randomized to one of the following groups for MRI studies aimed at identifying ischemic penumbra using T 2 * OC. (i) 1.5 mL PFC intravenous followed by an increase in FiO 2 to 0.4 (n ¼ 7); (ii) an increase in FiO 2 to 0.4 (n ¼ 7). The T 2 * scan was started with the animal on normoxic ventilation. Following B4 minutes (baseline), O 2 was increased to 40% during which T 2 * scanning was continued to enable acquisition of the peak signal change. Arterial blood samples were collected for blood gas analysis prior to the baseline scanning and during the OC.
In a separate group of 3-stroke animals, following PFC injection (1.5 mL intravenous), and 3 minutes baseline T 2 * scanning (normoxia), FiO 2 was increased first to 0.4 for 5 minutes and then to 1.0 for further 4 minutes. This provided additional information on the maximum T 2 * signal change achievable in the presence of PFC with 40% and 100% O 2 .
Image Analysis
Apparent diffusion coefficient, CBF, and T 2 * percentage signal change maps during OC were generated using ImageJ software (http://rsb.info. nih.gov/ij/). Apparent diffusion coefficient maps (see Figure 1A (i)) generated from DWI scans revealed ischemic injury following MCAO. Cerebral blood flow maps (see Figure 1A (v)) generated using arterial spin labeling revealed hypoperfused tissue. Data on the time course and magnitude of T 2 * signal change during OC were generated for the following ROIs as shown in Figures 1A and 1B (iv). (1) Presumed penumbra as defined by thresholded T 2 * percentage signal change; (2) contralateral cortex; (3) ischemic core in caudate nucleus within the thresholded ADC lesion; (4) a corresponding contralateral region manually designated by researcher. In selecting ROIs, the mean T 2 * percentage signal change (with standard deviation) was measured in the dorsolateral-contralateral cortex, avoiding any large veins and venous sinuses. The T 2 * penumbra ROI was automatically derived from a threshold: tissue with a percentage signal change X the contralateral ROI mean þ two standard deviations.
The ischemic core ROI was selected as a region within the thresholded ADC lesion for the corresponding slice. A representative contralateral region was manually drawn avoiding areas of high signal change on T 2 * maps because of the presence of large veins, meaning that the region was not always an exact mirror of the ipsilateral ROI.
The ROIs were analyzed on two coronal slices within the middle cerebral artery territory and graphs showing the time course of T 2 * signal change were generated for each ROI (see Figures 2A and 2B ). T 2 * percentage signal change maps were produced by comparing the peak signal during the OC protocol with the mean signal during baseline (first 4 minutes of scan prior to OC). The difference in signal was divided by the mean baseline signal and multiplied by 100 to give percentage signal change maps.
An estimate of penumbral tissue was also generated based on DWI-PI mismatch area (Figure 1 ) over the same two coronal slices within the MCA territory. Quantitative ADC maps in units of square millimeter per second were prepared and a reduction of 16.5% in the ADC of the mean contralateral value (excluding ventricles) was used as a threshold to determine ischemic lesion volume. 32 Cerebral blood flow maps were produced to identify the perfusion deficit area, which was calculated using a threshold of a 57% reduction of the mean contralateral CBF. 33 Thresholded ADC and CBF maps were co-registered to allow assessment of the PI-DWI mismatch (see Figures 1A and 1B(vi) ).
Statistics
Statistical analysis was performed using GraphPad Prism (Version 4.03, La Jolla, CA, USA). All data are presented as mean ± s.d. Comparison of physiologic variables before and during OC, and of OC-induced T 2 * signal change in penumbra, contralateral cortex, and ischemic core ROIs were assessed using a 2-tailed paired Student's t-test. Data from different groups were assessed using a 2-tailed unpaired Student's t-test. Po0.05 was considered statistically significant.
RESULTS
Physiologic Variables
Physiologic data are shown in Table 1 . Prior to initiation of OC, with or without prior PFC injection, physiologic variables in all animals were within the normal physiologic range. Oxygen challenge (FiO 2 0.4) induced a small, significant increase in mean arterial blood pressure and an approximately two-fold increase in PaO 2 in both groups, consistent with an earlier report. 27 As expected, the increase in PaO 2 was less than the 3.5-to 4.5-fold increase reported previously with 100% O 2 . 20, 27 No significant changes were evident in either heart rate or PaCO 2 during 40% OC in either group.
Perfluorocarbons Enhance Signal Change to 40% Oxygen in Presumed Penumbra
Data from the T 2 * percentage signal change maps, analyzed over two coronal slices displayed a heterogeneous pattern of T 2 * signal change during 40% OC (Figure 1A (ii) and B(ii)). In the ipsilateral hemisphere, the ischemic core ROI showed the smallest percentage change in T 2 * signal, while the adjacent dorsolateral cortex (thresholded T 2 *-defined penumbra Figures 1A(iii) and 1B(iii)) displayed significantly greater changes during 40% OC both with and without prior PFC treatment ( Figure 2C ). Likewise, when compared to percentage changes in the contralateral cortex ROI and the contralateral caudate nucleus ROI, the thresholded T 2 *-defined penumbra displayed significantly greater changes in T 2 * signal in both groups ( Figure 2C) .
When comparing ROI signal changes between groups, it was evident that PFC significantly enhanced the T 2 * response to 40% O 2 in the thresholded penumbra (mean increase of 10.6±2.3% compared to 5.6±1.5% with 40% O 2 , Po0.001, Figure 2C ). This enhancement in the T 2 * signal change to OC is illustrated in Figure 1B (ii) compared with Figure 1A (ii) and was specific to the penumbra ROI with other ROIs showing similar signal changes between groups.
40% and 100% O 2 Produce Matching Regions of Perfluorocarbon-Enhanced Oxygen Challenge-Defined Penumbra
From images produced in the experiments where the level of oxygen during OC was further increased from 40% O 2 to 100% O 2 , T 2 * signal change maps displayed a similar pattern to those seen previously ( Figure 3A) . The magnitude of signal change in the penumbra ROI was increased upon switching from 40% to 100% O 2 (mean increase of 10.48 ± 4.23% at 40% O 2 to 16.96 ± 5.79% at 100% O 2, Figures 3B and 3C ). Of note, the volume of presumed penumbra identified by PFC þ OC was similar for both 40% and 100% O 2 OC ( Figure 3A (ii) versus Figure 3A(iv) ). The mean volume over the two coronal slices analyzed was 6.81 ± 6.35 mm 3 with 40% O 2 versus 6.92 ± 6.9 mm 3 with 100% O 2 .
T 2 * Oxygen Challenge-Defined Penumbra Compared to Perfusion Image-Diffusion-Weighted Image Mismatch
Regions identified as penumbra using the T 2 *OC technique did not identically correspond to the region of PI-DWI mismatch. This is illustrated in Figures 1A and 1B(vi) where it can be seen that the T 2 *OC-defined penumbra overlaps with the thresholded ADCdefined region of ischemic injury. Also, there are regions of thresholded perfusion deficit that lie out with the region of T 2 *OC-defined penumbra.
DISCUSSION
The T 2 *OC technique is based on the different magnetic properties (and influence on T 2 * signal) of deoxyhemoglobin (paramagnetic) and oxyhemoglobin (diamagnetic), the increased deoxyhemoglobin levels in the vasculature of the penumbra, and the change in deoxyhemoglobin:oxyhemoglobin ratio achieved by delivering an OC. This technique thus enables detection of penumbra based on the tissue response to an OC and is independent of time from stroke onset. Potential healthcare benefits of employing this technique would arise through more informed treatment decisions based on available penumbra, not just time from stroke onset. For example, patients who display significant penumbra beyond the current time window for tPA or for whom stroke onset time is unknown, could be considered for thrombolysis, while those displaying spontaneous recanalisation or no penumbra within 4.5 hours of stroke onset would not receive thrombolysis and be spared the potential risk of hemorrhage.
Evaluation of the technique has shown that T 2 *OC-defined penumbra (rat MCAO, using 100% O 2 ) displays a physiologic level of glucose metabolism, 23 recovers if promptly reperfused, 24 and displays 55% of neurons with a normal morphology as shown by histologic analysis at B4 hours post stroke. 20 The technique has also been successfully reproduced by another group. 34 In the current study, we have addressed limitations encountered during subsequent translation of the technique to the clinic. First, the presence of a susceptibility artefact, due to the paramagnetic effect of 100% O 2 within the airways and paranasal sinuses, which obscures and distorts parts of the brain, particularly the frontal lobes. 25, 26 We have subsequently shown that T 2 *OC can delineate the different tissue compartments in a rodent stroke model using lower levels of O 2 (40% O 2 ) 27 but this results in a significant reduction in T 2 * signal change within the penumbra, potentially decreasing the sensitivity of the technique. 28 Second, smaller T 2 * signal changes to 100% O 2 were detected in the clinical study. 25 To overcome these problems, we have introduced an intravenous PFC emulsion to increase the oxygen carrying capacity of the blood. Perfluorocarbons have been shown to improve oxygen delivery to ischemic cerebral tissue in preclinical stroke and brain trauma models. 35, 36 A lower FiO 2 (0.4) with PFC delivery should remove the artefact from the airways on human scans and minimize the influence of the OC on blood pressure and CBF. 27 In addition, the lower FiO 2 may improve access for patients where high-flow oxygen is contraindicated, such as those with existing pulmonary disease.
Results presented here show that PFC þ 40% O 2 significantly enhanced T 2 * signal within the penumbra, compared to 40% O 2 alone (Figures 1 and 2C) . Indeed, the magnitude of signal change to PFC þ 40% O 2 in this study (10.6 ± 2.2%) was slightly higher than the T 2 * signal change recorded in previous studies using 100% O 2 (9.2 ± 3.9% 23 , 8.4 ± 4.1% 24 , 8.6 ± 3.7% 27 ). In experiments where FiO 2 was increased from 0.4 to 1.0 during the OC, (Figure 3 ) an additional increase in the T 2 * signal change occurred in the presence of PFC (16.96±5.79%), demonstrating potential to further increase the sensitivity, if required. Although the signal was enhanced by 100% O 2 , the volume of penumbra identified did not change, supporting the validity of the technique.
The PFC-induced enhancement in the difference in T 2 * MRI signal between tissue identified as penumbra and normal tissue ( Figure 2 ) reflects the increased oxygen delivery to the tissue. Our hypothesis for the mechanistic basis of penumbra detection with T 2 *OC is based on differences in deoxyhemoglobin levels within the vasculature of the penumbra and surrounding tissue due to differences in the oxygen extraction fraction and cerebral blood volume. PaO 2 within the penumbra vasculature is low because of the low hemoglobin saturation. 37 Reduced oxygen delivery results in an increased oxygen extraction fraction within penumbra, effectively increasing the deoxy:oxyhemoglobin ratio on the capillary/venous side of the circulation compared to normal brain. Factors other than deoxy:oxyhemoglobin ratio could also be contributing to the increased signal seen within the penumbra. The sigmoidal shape of the hemoglobin dissociation curve provides some indication for the differences in T 2 * signal seen within the penumbra as compared to normal tissues and the disproportionate increase with increasing oxygen delivery. In Figure 4 , penumbra and contralateral cortex tissue pO 2 data, recorded prior to and during 40% OC, 27 have been plotted onto the hemoglobin dissociation curve for Sprague-Dawley rats. 38 The slope of the curve is steepest at oxygen tensions below 60 mm Hg where even relatively small increases in oxygen tension will result in a significant increase in arterial hemoglobin oxygen saturation (SaO 2 ), a reduction in deoxy:oxyhemoglobin ratio, and consequently an increase in T 2 * signal (change in tissue R2* (R2* ¼ 1/T 2 *) varies linearly with changes in cerebral blood oxygen saturation). 39, 40 Given that penumbral tissue has a low partial pressure of oxygen (pO 2, 15 mm Hg 27 ), it maps onto the steep part of the hemoglobin dissociation curve. A relatively small increase in pO 2 (11 mm Hg with 40% O 2 27 ) maps to a proportionately greater influence on SaO 2 and therefore T 2 * signal change in penumbra than in contralateral cortex, which has a higher baseline pO 2 (35 mm Hg 27 ).
The increased amount of O 2 carried by the PFC would move PaO 2 to the right in both the penumbra and normal tissues as compared to 40% O 2 alone. For example, if PFC increased pO 2 by a further 10 mm Hg in both penumbra and contralatreral cortex (Figure 4 ), the additional increase in PaO 2 within the penumbra occurs within the steepest part of the curve resulting in an approximate 20% increase in SaO 2. However, in contralateral cortex, a similar increase would result in an approximate 10% increase in SaO 2. Therefore, the amount of hemoglobin that is saturated within the penumbra vasculature during PFC þ 40% O 2 OC would be greater than with 40% OC alone and this would contribute to the greater signal increase seen within penumbra on T 2 * imaging thereby enabling it to be visualized as a separate compartment.
We appreciate that a limitation of the current study is that the T 2 * response to OC was not measured simultaneously with levels of oxy-and deoxyhemoglobin to generate SaO 2 values in the penumbra. However, funding is being sought for a subsequent study using simultaneous 2-dimensional optical imaging spectroscopy with MRI to test our hypothesis for the mechanistic basis of T 2 *OC penumbra detection.
In summary, the addition of intravenous PFC to the T 2 *OC technique has the potential to improve technique sensitivity for identification of the ischemic penumbra in stroke patients. The addition of the PFC offers improvements by significantly enhancing the T 2 * signal response and enabling penumbra detection at lower levels of inspired oxygen, thereby avoiding artefacts arising from oxygen in the airways and sinuses. Additionally, by delivering more oxygen to this tissue at risk, PFC with maintained hyperoxia could potentially be investigated as an adjunctive or alternative to reperfusion-based therapies, supporting penumbral survival not only during the imaging session but also during the critical hours following stroke onset. where arterial hemoglobin saturation (SaO 2 %) is plotted against partial pressure of oxygen in arterial blood (PaO 2 ). Brain tissue pO 2 data have been superimposed from one of our earlier studies (brain tissue pO 2 was measured simultaneously in the presumed penumbra (P) and corresponding contralateral cortex using implanted Oxyflo/Oxylite probes 19 ) to emphasize the expected SaO 2 changes associated with 40% O 2 oxygen challenge (OC) and perfluorocarbon (PFC) þ 40% O 2 in the contralateral cortex and P.
